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PART I. 



By Alexander Klemin 
and 

Edward P. Warner and George M. Denkinger. 



INTRODUCTION. 
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DETAILS OF MODELS TESTED AND METHODS OF TESTING. 

The standard machine selected for investigation was a Curtiss 
JN2 advanced training machine, this type being selected because so 
much similar work had already been done on it by Dr. J. C. iiunsaker. 
Drawings of the machine are shown in figure 1, and a table ot dimen- 
sions is given herewith: 




Weight fully loaded pounds. . l t S00 

Horsepower op 

Span, both wings - reet - - 

Chord of wings <*>•-•• o.u 

Gap between wings ao ?• " 

Sof^y:-::::::::::::::::::::::::::::::^ m 

Are? of wings.. square teet.. 3G4 

Area horizontal tail surface °-o u 

Area vertical tail surface • c j° - ;** 

Wing curve Ll:lel " 36 
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The model was made to a scale of one-half inch to a foot. The 
Wings were made of aluminum, thus combining lightness with the 
greatest possible accuracy of working and freedom from warping 
I hey were machined roughly and then scraped by hand to the 
desired section, the working tolerance being 0.003 inch. The tail 
surfaces were made of brass, and were simply cut from a sheet 
rV inch thick, no attempt being made to reproduce exactly the 
camber of the tail on the actual machine. The body was made of 
pine and the chassis was built up from brass wire, with solid wood 
wheels. The Wings were maintained in their proper position with 
respect to each other by 12 round struts 0.0S7 inch in diameter, and 
made oi steel wire. In order to prevent the struts from working loose 
in the aluminum wings steel bushings were pressed into the win°- 
planes, and these bushings were drilled and taoped to take the ends 
of the wire struts. By threading these struts oppositely on their two 
ends, an easy and delicate means of adjustment was provided for 
the elimination of any decalasre or warp in the wing cellule No 
bracing wires were used, and the propeller was not in place during 
the tests. It has been found that a model thus made gives results 
comparable with those for the full-sized machine, the gain due to the 
omission of wires and propeller being counterbalanced by the loss 
caused by the use of round, instead of stream-line, struts. The win°- s 
were made in the shop of Mr. George F. Day, and under his super- 
vision. Other parts of the model were constructed, and the assembly 
was carried out, by Mr. W. H. Phillips, and by Messrs. Carl Selig and 
reward iighe, model and instrument makers at the Institute of 
ieciinoJogy. 

In order to make it possible to vary the length of the body, and 
consequently the moment arm of the tail, the body was sawn m two 
just behind the rear cockpit, and the two portions were dowelled 
together. Two additional rear halves were then made so that either 
could be fatted on in place of the standard one, their lengths being 
such as to make the distance from the center of gravity of the machine 
to the leading edge of the tail 10 per cent greater and 10 per cent less 
respectively, than in the standard machine. Two additional tail 
surfaces were also made up, geometrically similar to that normally 
used, but one 10 per cent larger, the other 10 per cent smaller. The 
three bodies are hereinafter referred to as Ions;, medium (standard 
JN-2), and short, and the three tails, which were tested in various 
combinations with them, as large, medium (standard JN-2), and 
small. Figures 8 and 3 show the model with medium body, and 
figure 4 illustrates the three bodies and tails. 

The static tests were carried out in the customary fashion the 
forces being measured by weighing on the aerodynamic balance, to 
pitching moments by the torsional strain which had to be set up in 
a calibrated wire m order to balance them. The apparatus, and the 
method of procedure, has been described in detail elsewhere 1 All 
static tests were made with a wind speed of 30 miles per hour which 
has been found to give the best results in the Massachusetts Institute 
ol 1 echnology laboratory. The method of testing for damping and 
calculating the dynamic stability, will be taken up in connection 
with the discussion o f the results obtained under those heads. 
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TEST OF EIFFEL 36 WING ALONE. 

As a preparatory step, a test of the Eiffel 36 wing "alone was made, 
and the resultant curves (JBTy, Kx, and LjD) are plotted in figure o. 
Each of the two wings was tested separately, the results checking 
within 2 per cent at all points, and within 1 per cent at practically all 
angles, indicating that the accuracy of manufacture was such that the 




variations in profile exerted a negligible influence on the aerodynamic 
characteristics of the wing. 1'he performance was exceptional ly 
good, the maximum K v being 0.00315 and the highest LJD 21 
The o-ood L/D is in large part chargeable to the raked wines, the high 
aspect ratio (7.2), and the slightly flattened tips, due to the presence 
of the ailerons. The corresponding values secured by Eiftel lor 



I Xouvollcs Recherches sur la Rcsistanco de l'Air ot V Aviation, by G. Eiffel. 
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this wing were 0.00295 and 16.1. The discrepancy seems unjustifiably 
large, especially as the Eiffel tests were made under the better con- 
ditions as regards the speed of wind and size of model. 

CHARACTERISTICS AND PERFORMANCE CURVES FOR STANDARD JN-2. 
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Fig. 6. 



Figures 6 and 7 represent, respectively, the characteristic curves 
lift 

(lift, drag, and 3—;) and the performance curves for the standard 

machine with the customary tail setting ( — 3^° to the wing chord). 
The angle of zero lift for the complete machine is — 4J°, whereas that 
for the single Eiffel 36 wing is -6°. The burble point for the com- 
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plcte machine is at 15°, the maximum lift being 1.69 pounds. The 
break in the curve just at the burble point is somewhat more abrupt 
than the corresponding bend for the wing section alone, but the 
falling away at higher angles is less rapid. The maximum L/D is 
7.8, at 71°, and the minimum drag is 0.105 pound, at - 1°. 

The characteristics thus obtained, furnish the basis for the computa- 
tion of the performance curves. The speed required for sustcntation 
and the lift on a model of 1/24 scale at 30 miles per hour and a like 

30 rw f 

angle of incidence are connected by the formula: V ^o^-yJ^' 0T > 

17-1,800 pounds, 7=^2^1 A curve of angle of incidence 

against speed may be plotted from values thus obtained, and shows 
that the minimum speed possible is just below 41 miles per hour, 
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Fig. 7. 



and that an angle of incidence of 0° corresponds to a speed of 74 
miles per hour, which is about the usual performance of this type of 
machine. Points on the curve of drag against speed are secured by 
dividing the weight of the machine by the L/D at any given angle of 
incidence, and laying off the resultant at the speed appropriate to 
the angle of incidence in question. The minimum resistance is 230 
pounds at 47 miles per hour, and indicates a best gliding angle of 1 
m 7.8. The minimum horsepower required is 28, at 45 miles per 
hour. With an engine developing slightly over 90 horsepower, such 
as was used in this machine, and a propeller efficiency of SO per cent, 
a speed of 74 miles per hour should be secured. The angle of inci- 
dence at the maximum speed will then be 0°. Dr. J. C. Iiunsaker 
found 1 a maximum speed of 73 miles per hour for this machine, using 
a different model, with wooden wings. 



i Experimental Analysis of Inherent Longitudinal Stability for a Typical Biplane; First Annual Report 
of the National Advisory Committee for Aeronautics, p. 33. 



PART II. 



STATICAL ANALYSIS. 
By Alexander Klehin and Edward P. Warner and George M. Denkinger. 



LIFT AND DRAG CONTRIBUTED BY BODY AND CHASSIS, TESTED WITH- 
OUT WINGS. 

This series of experiments comprised tests of each of the three 
bodies alone, of the medium tail alone, of the medium body with 
chassis attached, and of the medium body with chassis and medium 
tail. 

A comparison of the tests of the three bodies indicates nothing 
except that such changes as were made in length of body affect 
neither lift nor drag to an extent affecting aerodynamic efficiency 
in design. The curves drawn for the three cross and recross in a 
highly irregular fashion, the difference between them always lying 
well within the limits of probable experimental error, which error is, 
of course, a relatively large percentage of the force involved when 
that force is very small. 

In figure 8 is plotted the lift of the body and the lift due to chassis 
alone when in combination with body (obtained by subtracting the 
lift of the body alone from the lift of body and chassis together). 
In figure 9 are given the corresponding curves for resistance. The 
points marked on the body curves are those obtained for the medium 
body. 

i The lift due to the body is zero at +}° (all angles referred to the 
line of the top longerons as datum). It is nearly directly proportional 
to angle at all angles from — S° to 4-20° (i. e., the lift curve is vir- 
tually a straight line). It shows a tendency, however, to increase 
rather more rapidly at large angles than at small. It should never 
be forgotten that these values for lift, as well as those for resistance 
due to the body, will be materially modified by the addition of the 
wings, the downwash from which members will decrease the lift. 
The quantitative values of this effect wall be discussed later. 

The lift due to the chassis is always positive and is virtually 
constant. Although no test was made on the chassis alone, the 
natural assumption is that the apparent chassis lift is the result of 
the formation of eddies and screening of the rear portion of the body, 
and that there is no dynamic lift on the chassis itself. This effect 
is hardly worth considering on the full-scale machine, the lift from 
this source being always less than 5 pounds. 

2S5 
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Tho resistance of the body is, as would be expected, a minimum 
at 0° and increases rapidly and almost symmetrically with any 
change of angle in either direction. The resistance due to the 
chassis, on the other hand, is least at a largo negative angle, where 
the chassis is screened by the forward portion of the body, and 
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Fig. 8. 



increases at a decreasing rate up to an angle (referred to the top 
longerons) of about 2°. After this it is virtually constant until an 
angle of 16° is reached, where it begins to fall off again. The maxi- 
mum resistance due to the chassis is practically identical with the 
minimum resistance of the body. 
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LIFT AND DRAG CONTRIBUTED BY TAIL, TESTED WITHOUT WINGS. 

In figure 10 arc plotted the lift and drag of the medium tail alone 
and of the medium tail when in combination with the body and 
ch assis. The latter figures wore obtained by a method of differences 
analogous to that used for finding the lift and drag due to the chassis! 
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Fig. 9. 



The lift of the tail alone follows a straight-line equation very 
closely, and is, of course, symmetrical about a zero angle of inci- 
dence, the surface itsolf being symmetrical in respect of the upper 
and lower surfaces. Dividing the lift at an angle of 6° by the area 
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of the surface, the square of the speed, and the angle of incidence in 
de 'rees,\e find that Ky = 0.000139;, winch is the eqmvalent; of the 
lift coefficient on the rectangular flat plate of aspect ratio o . Ihe 
drag coefficients, however, are somewhat iueh«r to ajiW 
priato to this aspect ratio, with the not result that the LID ratio 1* 




Fia. 10. 



about 13 per cent lower than it should be for a rectangular plate of 
aspect ratio 3. The much improved lift, in view of the fact that the 
maximum chord of the tad is nearly as great as its maximum span, 
may bo assigned to the raked extremities and rounded corners, as 
well as to the fact that the thickness was greater in proportion to the 
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to ia arca T than j or the plates tested by Eiffel, and that the edges were 

r the rounded off smoothly. 

The Tho lf ffc due ^ the tail in the presence of the body is also nearly 

pro- proportional to the angle (measurod from the angle of zero lift as a 

10 is datum point), but shows a tendency to increase somewhat more 

rapidly at large angles than at small. Tho curve cuts tho axis of 
— | zero hit at an angle of 3°, and the slope of the curve is about 0 75 of 
b th0 S !°P° of . 1 tho b ft cunro f °r the tail alone. This chan-e in slope 
H . W b ° attributed to throe causes. The most obvious is that a con- 
siderable Dart of tho tail f&hmit 7 tv»v ^+„.,n„ 




7 - r°i ff h f. Pf scd °7 e r the body, and tho third is that, as observed 

/ by _Liiiel, the angle of downwash increases less rapidly than the 

angle of incidence (NoTE.-This phenomenon is probably loss 
marked than Eiffels experiments would indicate, as ho failed to 
take account of the second of the causes which wo have mentioned). 
I ho cause for the downwash when the wings are not present is not 
K?kS aS an T "Pcui;ront would seem more probable from the shape 
of tho body and position of the tail. L 
The drag due to tho tail because of the downwash noted above 
»Z\ • mulim ^ m afc an an S lc of 2°. It is not symmetrical about tins 

"SETHI - mUCh V ipiclJy £ tha * •» P^itivo 

angle* Tho minimum drag due to tho tail is very small, bom* 

barely half the minimum value for the tail alone and less than 20 
Ktif 9 immmum / or bo^, but it increases more rapidly 
than any other component, so that at 20° it is materially larger thah 
that for either body or chassis. The drag curve for the , tailln com- 

bmation with body and chassis is less regular than for tail alone Z 17 
h^SSST* rapiCUy ^ SmaU ' mUCh "5 Trapfdly a? 5 

™ES£r d f 0 n 1 t6( ! tbft great caution must bo exercised in drawing |Z 
conclusions from tests of the tail, since tho elevator position is neutral & 
throughout, as is the custom in practically all wind tunnel tests and 
1 ^M fc^^^ difforSlroK 

I EFFECT ^^^fS^^S^ THE . K 

In figure 1 1 arc given tho lift and drag curves for a single wing plane 

mth tno total lift and drag for the two wings and for the complete 
assembty) for a biplane combination made up with tho sameSS 
and gap as m the actual machine, for the complete machine with 
the tail set, as m practice, at -31° to tho chord of the wings and for 
the complete machine with the tail removed. To av^onfuS 
among so many^curves the observed points have been omitted from 

wmcfi^ai^ P ° mt *" °-° 05 P«* of *• ~ 

The drag curves for the various arrangements do not of course 
permit of any deductions as to the biplane effect on K and L/D 
smco the effect of tho struts is unknown. It SayfaSyte turned,' 



1 Xouvcllos Rechcrches sur la Resistance do J'Air ct 1'Avialion, by G Eiffel 
29105°— S. Doc. 123, G5-2 19 
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however, that these struts have no important effect on the lift, 
and interesting data may be obtained as to the effect which the 
biolane arrangement without overhang has on the lift of an actual 
machine. It is easily conceivable that the biplane correction for a 
real wing, with raked tips and With ailerons cut "on the bias" and 
rounded off at the corners, may bo materially different from that 
for wings with square ends. It also permits of a comparison of tho 
biplane lift corrections for the Eiffel 36 win^ with those for other 
wind's which have been tested as biplane combinations, and notably 
for the R. A. F. 6 section tested by Dr. J. C. Hunsaker. 1 2 

The biplane lift corrections at the practical angles of flight range 
from 0.820 to 0.937, the large values corresponding to the large 
angles of incidence, and the correction ratio growing Icss^ with angle 
until, at about 8°, it reaches a minimum and thereafter increases in 
magnitude as the angle becomes smaller. This is strictly in accord- 
ance with the results of previous experiments. The maximum 
values of the lift coefficient, to be used in computing the landing 
speed, are in the ratio 0.937, as against 0.955, obtained byDr. Hunsaker 
for both the R. A. F. 6 and Curtiss wings. The latter tests differed 
from the present ones, in addition to the points already^ mentioned, 
in that there was no stagger, the gap/chord ratio was 1.2 instead of 1, 
and the aspect ratio was less. Tests made by Dr. Hunsaker at the 
Massachusetts Institute of Technology, and b}^ the staff of the 
National Physical Laboratory, 3 indicate that there is a loss of about 
5 per cent consequent on the reduction of the gap/chord ratio from 
1.2 to 1, and a gain of about 2 per cent from the use of a 20 per cent 
stagger. The exact result of changing aspect ratio in a biplane is 
uncertain, but it is probable that a decrease in this ratio increases 
the biplane lift factor slightly. Taking all these modifications into 
account, the lift correction obtained oy us may be regarded as 
coinciding very closely with Dr. Hunsaker's results, that from the 
present experiments bcingj a trifle the higher, and we therefore draw 
the conclusion that the biplane coefficients may be considered as 
virtually independent of the plan form of the wings. The effect of 
changes in section, and especially the gain from making up the two 
wings of different sections, remains to be further investigated. 
There is, of course, some loss in lift, especially at large angles, due 
to turbulence about the struts, although this should be slight enough 
not to affect the validity of the conclusions which we have based on 
the assumption that the strut effect was nil. Any such effect would 
be relatively more pronounced on the model than on the full-scale 
airplane with stream-line struts. Taking account of all such dis- 
turbing factors, a correction coefficient of 0.95 may be used in finding 
the maximum lift for a biplane combination with a gap/chord ratio 
of approximately 1, and a stagger of from 10 to 25 per cent. The 
effect of chassis, body, and tail on the landing speed will be discussed 
in the next section. 

It was previously remarked that little can be deduced from a 
comparison of the drift curve £or the biplane with that for the mono- 
plane, since the effect of the struts can not be readily determined. 

1 Stable Diplano Arrangements, bv J. C. HunsaL-cr; Engineering Jan. 7, 1916. 

2 Aerodynamic Properties of the Triplane. by J. C. llunsakcrand T. II. Huff; Engineering, July 21, 1916. 
» Determination of the Effect on Lift and Drift of a Variation of the Spacing in a Biplane; Report of tho 

British Advisory Committee for Aeronautics, 1911-12, p. 73. 
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Fig. 11. 
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It will bo noted, however, that the distance between the two curves 
"nJLtiy grows smaller as the angle increases and that th^ 
ftnallv actually cross each other at an angle of 14* . It is cnus 
J^tiSobfSao of biplane to monoplane dnf .grows .con, 
. „t ' « «nd that at ancles of ncidenco larger than about 12 - 
9S%?Sra 1SBSb$ ^ s for t^&plane combination 
thanfor the monoplane. This is what might bo expected, in view 
of he scrocnin^of the upper plane by the lower, and is m accordance 
? i h thelndkcations of other experiments of a similar nature but 
itVs a sHldn^ i act that the relative decrease in the drag of the biplane 
^SSS^SSSa bo so marked as to give it, at large angles an 
UD superior to that for the monoplane, and the possibffity of |ecreas- 
Sg the angle at which this change occurs perhaps open* a neid toi 
future investigation. 

LIFT "AND DRAG CONTRIBUTED BY THE ADDITION OF BODY CHASSIS 
AND TAIL TO A BIPLANE COMBINATION. 

At vorv small angles the lift curves for the biplane combination 
and foi - So machiae Without tail are practically coincident, showing 
Sat the IS effect of the body and chassis is nil, or, m other words, 
that S downwash from the wings, acting on the rear of the body, 
is rouSv Sufficient to balance tno lift arising from direct dynamic 
£3re m Slower surface of the body. As the angle of incidence 
Eases however, the two curves diverge, the separation first 
becoming noticeable at about - 1°, and the lifting effect Jus indicated 
increS in magnitude until, at 10°, the lift clue to the body ana 
about 0.015 pound. This figure is. of course, m excess 
of the lit which must be furnished by the body to replace that lost 
because of t he containing of the part of the lower wing (about 5 
SS of its total area) within the body. The two curves cross at 
about 15°, indicating that the body exerts an effect opposed to the 
lift of the wings from there on, but the flow about the wings is so 
unstcpdv at these largo angles that the measurement of the forces is 
c^Daritivelyhtaccufate, and it would bo highly unsafe to generalize 
IFSSSSSi drawn from such small differences between large 
quantities as those with which we are dealing, and based on one or 

<l£S^£^mb affected by the addition of a tail will 
be discussed more extensively at a somewhat later point, m con- 
nection with other tests under varying conditions with respect to 
the tail. It is sufficient to note here that the tail has a considerate 
effective negative lift at negative angles, that this decreases steadily 
until, at abfut 11°, the effect becomes zero, and that at larger angles 
it gives rise to an increasing positive lift. 

The additional drag caused by the addition of body and chassis 
ramains almost constant, increasing very slowly, except at very 
lar^o angles, where the increase becomes more rapid. It has, at u , 
a Value of 0.015 nound, as against a minimum drag of 0.080 pound lor 
the biplane combination, and 0.105 pound for the complete maclune. 
At an angle of 12° this resistance has increased from O.Olo pound to 
0 0^5 . It will be noted that the drag caused on the complete machine 
by "the addition of body and chassis is materially less than their 
parasite resistance when tested separately— about 60 percent of that 
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quantity ^ under conditions of minimum resistance, to speak statisti- 
cally. This reduction which is of considerable importance in the 
do termination of probable performance for a m achine. may be attribu- 
ted chiefly to decreased skm friction because of the decreased relative 
velocity of the turbulent air along the surface of the body The 
same phenomenon will later be noted in connection with the dru of 
the tail. ° 




-kl 



G 



FlQ. 12. 



TOTAL PARASITE RESISTANCE. 

ih^JSSS 1 12 saTS a cm T e of the tofcaJ Parasite resistance with 
U exception of that due to the intcrplane bracing. The coefficient 

o resistance due to body chassis, and tail is constant within 20 per 

cen t e* ah angles from 0° to 9°. Beyond the latter point the co- 
, K- Ln Cg / n 1 f mc ^ ea ? e Ver J rapidly, but this increase would bo 

partlj counterbalanced, m an orthogonal biplane, by the decreasing 



294 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

resistance of the struts and wires with increasing angle. In a staggered 
biplane such as the JN2, this counterbalancing effect woiUd not ap- 
pear, as the struts are more nearly normal to the wind for a large 
angle of incidence than for a small. 

The parasite resistance coefficient for the entire machine, exclusive 
of the intcrplane bracing, at 4° the units being pounds per square 

foot per mile per hour, is 0.020 xg^- 2 = 0.012S. The parasite re- 
sistance coefficient for 8 struts, 5 feet long and 1£ inches wide, having 
a fineness ratio 3, together with 4 similar struts 2£ feet long, is 
0 002S, 1 and the coefficient for the intcrplane wires roughly 0.0040,- 
making a total of about 0.02. No allowance has been made for the 
resistance of fittings. 

EFFECT OF ANGULAR SETTING OF THE TAIL ON LIFT AND DRIFT AT 
VARIOUS WING INCIDENCES. 

For the tests reported in this and the following section the medium 
body was used with the tails inclined to the wing chord successively 
as follows: Large tail, -1°, -2°, -3*°; medium tail, -2° -3* , 
-5°; small tail, -3,}°, -5°, -7°. Different ranges of angles were 
adopted so that, as far as could be estimated in advance, the static 
longitudinal stability would not be excessive, nor would the insta- 
bility be very great, in any test. 

The results are given by four sets of curves, figures 13 to 16, inclu- 
sive Each of the first three gives the L and D curves for the three set- 
tings of some one tail. Figure 1 6 is a collection of the L and D curves 
for the three tails at -3i° to the wings, and is designed particularly 
to show the results of varying the size of tail. An averaging oi 
results for the three sets of graphs shows, what would be expected, 
that the lift increases steadily as the negative ande of the tail with 
respect to the wings decreases. The amount of this increase, for a 
given variation in tail setting, docs not vary appreciably with angle 
of incidence, except at very large angles, and ranges from 0.010 to 
0.015 pound per degree of tail angle, the larger values occurring 
on the small tail. The variations in effect are so small, however, that 
little significance should be attached to the latter fact. At angles 
close to and beyond the burble point, the curves spread out somewhat, 
the apparent effect of the change in setting becoming greater, and 
this has the effect of causing the burble point to occur at a larger 
angle of incidence as the tad and wing chords become more nearly 
parallel. As a concrete example, wo may consider the landing sneed, 
which was found to be 41 miles per hour for the standard macmne. 
With the tail set at -1° instead of at -31°, this value would be 
decreased by J mile an hour— a gain hardly worth taking into con- 
sideration. u 

At small angles the change in total drag is almost too small to 
determine, although a decrease in relative tail angle has a tendency 
to decrease the drag. At intermediate angles (the exact range dif- 
fering for the three tails) the three curves merge together. At some 

i research on Struts of Varying Fineness Ratio; Report of tho British Advisory Committco for Aero- 

^E^crimcnts o'ntko Resistance of Wires; Report of the British Advisory Committee for Aeronautics, 
1912-i3, p. 126. ' 
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angle between 6° and 12° they separate, and the drag is thereafter 
greatest for the least angle of setting, just as is always the case with 
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Fig. 13. 



the lift— this is explainable by the fact that as the angle of setting 
of the tail increases its zero incidence occurs at greater angles o? 
the wing chord. 
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Since the angle of maximum speed with a 90 horsepower engine 
for the machine under investigation corresponds very closely to the 
angle of minimum drag, and hence to the point where the slope oi 
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the drag curve is zero, the maximum speed is unchanged by what 
is in effect a shifting of the lift curve to the left. What change there 
is will be due to the change in drag, but this is so slight that no van- 
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ation in tail setting within the bounds of reason is likely to alter the 
maximum speed by more than 1 mile per hour. The effect on climb- 
ing speed will be somewhat greater, as the angle of incidence for best 
climb corresponds to the rising portion of the drag curve, but even 




Fig. 15. 

here it is not considerable (probably never enough to change the 
horsepower required at any point by more than 3 norsepower). 
< In resum6, it is apparent that the effect of tail setting on the effi- 
ciency of such a machine as the Curtiss JX2 is quite negligible, and 
that the tail angle should be chosen purely from considerations of 
stability. 
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Fig. 16. 
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EFFECT OF VARYING SIZE OF TAIL, KEEPING ANGLE OF SETTING 

CONSTANT. 

The curves for the machine with the three tails already described, 
the tail being set at — 3J° to the wing chord in every case, are plotted 
in figure 16. These curves show that the lift for the whole machine 
throughout ranks inversely as the sizes of the tails — that is, it is great- 
est for the small tail and least for the large tail. The spacing between 
the three curves is nearly constant. The arrangement of the curves 
in this order is what would be expected at small angles, where the 
total force duo to the tail is downward and tho negative effect is 
naturally least for a tail of small area, but the reason for such behavior 
at large angles is less obvious. While it would be impossible to draw 
definite conclusions without making an exhaustive investigation of 
the pressure distribution over the surface of the tail, the most prob- 
able hypothesis to account for the phenomenon is that the down- 
wash from the wings is less felt near the body than out in the open 
and that tho farther away from the body one gets the greater the 
downwash angle becomes. The mean downwash angle will then be 
larger for the large tail than for the small, and the lift (taking account 
of sign) will always be less for a large tail than for a small one. 

The drag, too, is largest for the small tail at angles equal to and 
greater than 2°. From — 2° to + 2° the curves merge together, 
and at negative angles greater than —2° the drag for the small tail 
is least. This, too, may be accounted for by the hypothesis stated 
above in conjunction with the fact that at the points of maximum 
downwash (i. e., the parts farthest away from the body) there is 
probably an actual negative drag on the tail, due to eddying and the 
existence of pressure on the top of the tail. This is analogous to 
the force which when a pair of plates are exposed in tandem tends 
to draw the rearmost forward into the wind. 

EFFECT OF VARYING LENGTH OF BODY AND SIZE OF TAIL AT THE SAME 
TIME, KEEPING CONSTANT MOMENT OF TAIL SURFACE ABOUT THE 
CENTER OF GRAVITY. 

The reason for adopting this method of testing relates especiaUy 
to the pitching moments, but the results can be used to show the 
way in which lift and drag are affected by the variation of the distance 
between tail and wings. 

Figure 17 represents the lift and drag for the machine with the 
medium and short bodies, each carrying the large tail at an angle 
of -3*-° to the wing chord, while figure 18 gives similar data for 
the medium and long bodies in conjunction with the small tail. In 
the case of the first, the lift for tho two bodies is virtually identical 
at angles less than 5°. At this point the two lift curves diverge, 
tho lift for the short body being the greater, and the divergence 
becomes steadily greater as the angle of incidence increases until 
at 16° there is a difference in lift of over 0.03 of a pound, so that 
tho landing speed would be somewhat reduced by shortening the 
body, Quite aside from the fact that the weight of the machine would 
be markedly decreased by a reduction of 10 per cent in the length of 
the body. 
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The drag for the two is identical within the experimental error up 
to an angle of 10°, beyond which angle the curves separate in the 
same way as for the lift, the drag being greater for the small body. 

In the case of the small tail, the lift is about 0.01 pound more with 
the medium body than with the long one at all angles from —4° to 




Fig. 17. 



12°. The two curves then come together, being virtually coincident 
at angles beyond 14°. The drag for the medium body is greater 
than for the long at all angles, the difference being very small at 
small angles, and increasing steadily to over 0.01 pound at 18°. 

These results, like those of the last section, at first sight seem 
quite unreasonable, and their fair interpretation requires an examina- 
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tion into the actual conditions of flow about, and in the rear of a 
wing. 

Photographic investigations of the flow about a wing section in a 
water channel, carried out at the National Physical Laboratory 1 
show that the fluid behind the wing, especially at large angles of 




Fig. 18. 

incidence, forms marked eddies, and, on the dissipation of these, 
takes up a wave motion extending backward for a considerable 
distance. It is, therefore, probable that there is some point or 
points where the downwash a ngle is a maximum, and a motion in 

Advisor^ **" * * Rolf; Report of the British 
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either direction from these points will result in a decreased down- 
wash and increased lift and drag. It appears that this is what has 
happened in the present case, and it would undoubtedly be lound 
that, if the body should be shortened up still farther than was done 
in the tests with the large tail, the lift would be a maximum for some 
length, beyond which any further shortening would dimmish it. 

The gains in efficiency consequent on shortening the body depend 
chiefly on the reduction in weight, permitting also a further reduc- 
tion in area. The direct gain in lift is small, as it was for changes in 
the angle of tail setting, although it is by no means negligible. The 
application to other airplanes of the results obtained from this 
particular set of tests is not to be recommended, however, since the 
effect of changing the body length might be quite different when a 
different machine, using a different wing section, was affected. 

A QUANTITATIVE DISCUSSION OF THE FORCES ON THE TAIL AND THE 
EFFECTS OF DOWNWASK. 

Although we have now examined the characteristic curves for the 
complete machine in a considerable number of cases (11 in all), as 
well as for the machine without the tail, we have not yet made any 
attempt to correlate the figures for tail effect, or to secure any 
measure of the downwash angle, and this subject will be treated next. 

Enough has been done to make it evident that no single figure 
or formula can express the degree of downwash, which varies with 
distance from wings, angle of incidence, type of body, and is not even 
the same on all parts of the tail at a given time. Any formulae that 
are given, therefore, must be accepted with due reservation, as repre- 
senting a "mean effective" downwash which, if it actually corres- 
ponded to the conditions of How, would give rise to the same tail 
effects as those observed. It is further obvious that the figures 
thus secured will not apply to the effects of the tail on the drag curve, 
as the eddying flow above and behind the tail actually results in its 
having a negative drag at times. 

In figure 19 are plotted the lifts due to each of the three tails when 
attached to the medium body at an angle at - 3.1° to the wing chord. 
The wavy curves, drawn in full lines, pass through all the points with 
the exception of one or two which were obviously very far off. 
Although the peculiar shape of these curves may bo due in some part 
to observational errors, which would show forth very much exagger- 
ated on such a plot as this, it will be noted that the curves roughly 
parallel each other, and it is probable that the irregularities represent 
approximately a condition" actually present, buch irregularities 
may be accounted for on the hypothesis stated in connection with 
the tests of different body lengths, the lift due to the tail varying 
in an irregular manner with the angle of incidence, since the length 
and amplitude of the fluid waves back of the wing change with the 
angle, and the position of the tail with respect to the wave form is 
consequently altered. As a measure of simplification, however, and 
for possible use in the framing of empirical rules, ideal curves have 
been drawn with all irregularities removed, and these He within 
0.005 pound of the more exact curves at all points. These faired 
plots curve slightly upward, the curvature being greatest near the 
middle of the curve. 
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The curves for the other six cases in which the medium body was 
employed were plotted in a similar manner, and led to the same 
conclusions, but lack of space has prevented their inclusion herewith. 




Fig. 19. 



An incomplete investigation of the effective downwash ano-le 
(i. c, the difference between the angle of the tail to the wind and 
the angle of incidence at which the tail, tested alone, would give 
the same lift as that which it actually contributes to the machine) 
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indicates that, as was also shown by Eiffel/ the graph of dowmv; b 
angle against angle of incidence, can be at least approximately 
represented by a straight line. (In the present experiments, a broken 
line its two portions meeting at an angle of incidence somewhere 
between 6° and 10°, gave greater accuracy, though at the sacrifice 
of simplicity.) Eiffefs formula oc-l+K does not, however, suit 




Fig. 20. 



our results so well as one with a larger constant ten a, the discrepancy 
doubtless being due to the presence of the body and to the use of the 
flat tail, in place of two wings in tandem. The equation of the straight 
line plot for the mdium tail set at -3£°, for example, is: cc «3£ + K 
and this is a fair average of the results obtained. They are not given 
in extenso, as they were not sufficiently consistent for comparison 
to be useful. 



i Xouvclles Rccherccs sur la Resistance do l'Air et 1' Aviation, by G. Eiffel. 
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& JJfWf 20 «g 21 have been plotted the effect which the presence 

effect for the three tails m connection with the medium bodv each 
Of the tails being set at 8jft and the second relates to the Sff 
sized tail set at its three different angles meaiuin 
Thc first set of curves manifests more clearly a point to which we 
have already called attention, that the drag is leas i for iho lxrZt 
tun, dearly indicating a region of negative drao-. The drae dufto 
the medium tail falls very nearly to zero, and th at for the if ree tad 
actually becomes negative over a considerable range G f angles g Tha 
from S Sotr ^ aUSlG ° f ■**"*■ Cancels tpa£| 




Fig. 21. 



In the case of the curves showing the effect of varied angle, it is 
evident that as might be foreseen, the three curves are very nearly 
parallel, simply being displaced horizontally with respect to each other 
by an amount roughly corresponding to the change in angle of setting 
Ihe minimum values all he between 0.001 ancf 0.0024 pounds, the 
dm crenco being well within the probable experimental error in view 
ot the indirect method by which the figures were obtained. Taking 

!!f n7S 0 + r UC ' T 6 fi f U - d th , afc the dra « due t0 tho ^il is a minimum 
at oi ncai that ang o of incidence at which the angle of the tail to the 
path of the flight is +4° In other words, the°angle of mm mum 
drag and the angle of zero hft due to a symmetrical tail tested in the 
presence of the wings are very far from coinciding, the latter bein<^ 
the greater by several degrees. ° a 

291G5°— S. Doc. 123, 65-2 20 



306 EEPOET NATIONAL AimSOBS COMMITTEE FOE AEE0NAUTICS. 

EFFECT OF SIZE AND SETTING OF TAIL ON STATICAL LONGITUDINAL 

STABILITY. 

We are now able to consider the stability of the airplane and the 
manned which it is affected by variations m the design Tins 
5X?v is best investigated with reference to the moments about the 
^SSViS^S 3 tie machine, as the popular vector diagram 
S it pofsesses the merit of simplicity does not give a true enter on 
oflubihty except at the angle wbcre the machine is m equdibnum 
with the elevator neutral. In order to insure statical stability at 
S angles the pitching moment must always decrease C^JK*™ 
sSn bein- <nvcn to stalling moments) as the angle ot mciaenco 
SUSU ia other wordsfthe slope of the moment curve , mus£ be 
negative throughout the range of normal flight angles. On the other 
hrnd it is obvious from a moment's consideration, as weU as dcduciblo 
iEttSSER solution of the general stability equations, that the 
slope of the curve should not be excessive as too much statical stabil- 
ity results in a very short pitching period, which is uncomfor a bio for 
the Pilot. Ultra-stable machines are also subject to the disadvan- 
tage that they require largo elevators, moved through a considerable 
range of angle, to balance them at angles of incidence far removed 

fr0 The^nSto macnine was tested under 11 different conditions, 
as already described in detail in connection with hft and drag lhe 
moments about the spindle were measured with a calibrated torsion 
wire, according to the usual procedure. Since so much depended 
on the flow of air from the wings to the tail and since it was feared 
that the straight spindle generally employed might unduly interfere 
with this flow" it was discarded and an offset spindle, bent through 
right angles at three points and passing into the bottom instead ot 
the side of the body, was substituted. The position chosen i or the 
spindle gave a center of rotation, about which the moments were 
measure! just above the trailing edge of the lower wing, ine 
moments about the center of gravity were computea by a process 
explained in detail by Dr. Hunsaker's paper, 1 and which need no. be 
. gone into here. The center of gravity has been chosen, m every case, 
in such a position that the machine was in equilibrium at an angle 
of incidence of 2°. This necessitated using a different position lor 
the center of gravity hi each case, the extreme movement being about 
one-fourth inch on the model, corresponding to 6 inches on tne 

The resulting curves are plotted in figures 22 to 25, the moments 
being reduced to foot-pounds per unit mass (slug) Tne mass ol the 
CurtTss JN2, ready for flight, is 55.9 slugs. It will be seen that they 
are very similar in general shape, and that there are no abrupt 
decreases in slope except in the case of the medium tail at - 2 . in 
this case the discrepancy with the other curves is very probably due 
to an error. The stability, represented by the slope of the moment 
curve, is always least at or near an angle of incidence of 3 . 

The curves speak for themselves, and it is difficult to draw any 
specific criteria for stabi lity, especially since the degree of stati cal 

i Ex-pcrimcntal Analysis of Inherent Longitudinal Stability for a Typical Biplane, by J. C. HunStkeri 
Fkst SSual Import of the National Advisory Committee for Aeronautics, p. 3u. 
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stability to bo wished for is not definitely known. AH of the cases 
tested give satisfactory stability. It is apparent that a decrease of 
10 per cent in the size of the tail has an effect equal to that of a de- 
crease of 2° in the angle of setting, and a consideration of all factors 
of stability, control, etc., would seem to point to the use of a tail of 




Fig. 22. 



large size set at a small angle relative to the wings. This recommen- 
dation is fortified by the decreased drag from such an arrangement, 
tins factor alone being enough to balance the slight increase in weight. 
Even with a tail of the present size the angle might be decrease3 to 
- 2 without prejudicial results, and the ease of motion would proba- 
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moved back nearer the 14° vector. A backward movement of the 
center of gravity, too, has the effect of decreasing tbe stability, since 
the change in moment arm is the same for every vector, and the mo- 
ments are consequently most increased where the force is greatest; 
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1. C, 

curve. 



at lar^e angles of incidence. The result is to flatten the moment 



For the sake of completeness, and to facilitate comparison with 
other machines, the vectors for the JN-2 have been superposed on the 
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side view in figure 1, and a vector diagram for the biplane combina- 
tion has been drawn in figure 26. 

EFFECTS OF LENGTH OF BODY ON STABILITY. 

Figure 27 shows the moments for the JX2 equipped with the stand- 
ard body and with the long and short bodies, the tails used being such 
that the product of their area by their distance from the center of 
gravity of the machine was the same in the three cases. It would 
then appear that, if the angle of downwash were the same in the three 
eases, the moment curves should be sensibly identical, and this is 
actually the case. The short and medium bodies gave moments so 




FlG. 20. 

nearly the same at all angles that one curve represented both sets of 
points, while the stability of the long body combination with the 
small tail was slightly less. In a previous section we have discussed the 
angle of downwash, and deduced that it varies somewhat with the 
length of body, and that the effectiveness of the tail surface also 
vanes with its distance away from the body. These and other similar 
effects are all small, however, and it appears that they virtually bal- 
ance each other in respect of moments. 

In figure 2S are plotted the moment curves for the long and me- 
dium bodies in combination with the small tail at an angle of — 3£° 
to the wing chord. The stability is greatest for the long body, as 
would obviously be the case, but the effect of changing length is less 
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than might be expected, and the inevitable conclusion is that, so far 
as statical longitudinal stability is concerned, a considerable decrease 
in the length of the body over present practice is permissible, and may 




Fig. 27. 



be strongly desirable. Of this, too, we can speak with more certainty 
in connection with the determination of damping coefficients and the 
study of the periodicity and damping of the general longitudinal 
motion. 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 313 



THE EFFECTS OF THE VARIOUS ELEMENTS OF AN AIRPLANE ON 
LONGITUDINAL STABILITY AND THE PLACING OF THE FORCE 
VECTORS. 

Although the above subject was not extensively investigated, tests 
were made for the single wing, for the biplane combination, and for 
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the machine complete except that the tail was lacking. The results 
of these experiments have been plotted in two different ways. In 
figure 29 we have plotted the travel of the center of pressure of the 
Single wing and of the biplane combination, the latter being defined 
as the point of intersection of the force vector and a line parallel to 
the chord of the wings and midway between them. The chord of 
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the biplane combination is limited by the lines connecting the lead- 
ing and trailing edges, respectively, of the upper and lower wings 
bccondly, figure 30 shows the moments of the biplane combination 
and of the machine with tail removed, the moments being referred to 
the point located as the center of gravity of the standard machine, 
with medium tail set at -3}°. The d^Serence between the above 
two quantities is also plotted, this representing the effect of body 
and chassis. 

The travel of the center of pressure is closely similar for the single 
wing and for the biplane combination (with struts, of course, in- 
cluded) is very similar, but the biplane center of pressure is slightly 
farther back through the greater part of the range, the maximum 
separation in tins portion being about U per cent of the chord 
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Fig. 29. 



The biplane curve turns less abruptly as tne angle increases, so that 
at large angles the center of pressure is farther back for the single 
wing. The dotted line in this iiguro represented the position of the 
center of gravity of the machine under standard conditions. 

From figure 30 we see, as is equally obvious from a cursory in- 
spection of the vector diagram for the complete machine, that the 
biplane combination exerts a diving moment about the center of 
gravity at all angles of incidence. The machine without the tail ex- 
erts an even greater diving moment at all points, indicating that the 
sign of the moments due to the body and chassis is always negative. 
I his is aue chiefly to the resistance of the chassis, centered far below 
the center of gravity. The moment due to the addition of the tail 
is zero at between 10° and 11°. This angle of zero pitching moment 
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chocks with a fair degree of accuracy with the angle of zero tail lift, 
already determined. Although the slope of the pitching moment 
curves for the biplane combination and for the machine without the 
tail is everywhere negative, it must not be inferred that this indi- 
ci ; es a ability. The slope of the curve is a satisfactory criterion only 
when the moments are related to a point at which the system is in 
equilibrium at some normal angle of incidence, and this is not the 
case here, as the moments are everywhere negative. If a moment 
axis be chosen such that the moment about it is zero anywhere 
between -2° and +20°, it will be found that the curve has a positive 
siope through at least a part of its range. 

In order to define the position of the center of gravity of the 
machine, and to furnish a guide to designers in choosing a position 
for that point which will give equilibrium at the desired angle of 




Fig. 30. 



incidence, a line has been drawn connecting the center of pressure 
of the two wings at 2°. The horizontal distance between the middle 
of this line and the 2° force vector was then measured and multiplied 
by a proper scale ratio to convert it to full size, thus giving the 
distance, in a horizontal line, from the mean center of pressure of 
the wings to the. center of gravity, assuming that the airplane flies 
at 2° incidence with the elevator neutral. The same process was 
earned through for each of the cases, both for 2° and for 4°, and the 
distances are tabulated herewith. The center of gravity was as- 
sumed to lie on the line of thrust, but the vectors for the angles in 
question are so nearly vertical that any reasonable raising or lowering 
of the center of gravity relative to the wings will afYcct its fore-and-aft 
location only a very slight degree. The center of the line connecting 
tlio individual centers of pressure of the wings was used to locate 
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the datum plane in preference to the center of pressure of the biplane 
combination, as it is much easier to secure information on the center 
of pressure travel for a single wing of a given section than to secure 
similar information for a combination of two wings. 



Body. 


Tail. 


Anprlo of 
tail to 
wing 
chord. 


Distance from 
center of pres- 
sure to center 
Of rravity. 






2°. 






Small 


'? 


Inches. 
13 


Inches. 
S 




...do 




14 








7 


18 


12 




Medium... 


o 


10 


5 




...do 


31 


13 


S 




...do 


5 


15 


0 




Lar& 


1 


8 


4 






2 


10 


5 




...do 




14 


S 




...do 


13 


8 




Small 


3j 


12 


6 









This table shows that the position of the center of gravity to give 
equilibrium at any given point small angle is nearly independent, 
within reasonable limits, of the length of the body and the size of 
the tail. It is, however, materially affected by the angle at which 
the tail is set. As the angle of equilibrium increases, the required 
position of the center of gravity approaches the center of pressure 
of the wings alone with great rapidity. 
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DYNAMICAL ANALYSIS. 
By Alexander Kjusmxn and Edward P. Warner and George M. Denkinger. 



FUNDAMENTAL PRINCIPLES 07 DYNAMICAL STABILITY. 

Before talring up in detail the dynamical stability of the Curtiss 
J A 2, we shall briefly tabulate, for purposes of reference, the well- 
known principles on which the treatment of dynamical stability 
depends, and shall discuss the methods of applying those principles. 

It has been found by Bryan 1 and other investigators that the 
general equations of motion of an airplane, with symmetry taken 
into account, reduce to two sets of equations of the fourth degree 
in X, X being the logarithmic increment or decrement of the oscilla- 
tion, one of which equations corresponds to symmetric, or longitudi- 
nal, the other to asymmetric, or lateral, oscillations. The second of 
these equations docs not enter into the present investigation in any 
form, and we shall not discuss it. Before proceeding to an examina- 
tion of the first, it is necessary to describe the notation adopted. 

Iho origin is located at the center of gravity of the airplane 
1 no three mutually perpendicular axes of reference are fixed in the 
machine m such a position that they are parallel and perpendicular 
to the relative wind when the machine is in steady horizontal flight 
1 hey therefore change their position with respect to the earth as 
the airplane oscillates. When there is a change in s^eed of flight 
however, and consequently in angle of incidence, the axes change 
their position m the machine. These axes are denominated the 
x, y . and z axes and the forces parallel to them, respectively, are 
called A , r, and Z. The x axis is parallel to the relative wind 
the y axis is parallel to a line connecting the wing tips, and the 
z axis is vertical The moments about these axes are denominated 
respectively. L, M, and N. The components of velocity parallel to 
the x y, and z axes are called u, v, and w, and jp, q, and r, similarly 
are the components of angular velocity about these axes, and corre- 
sponding to the moments L, M } and iV. 

It has been shown that the longitudinal motion may be considered 
as entirely independent of the side slipping velocity v and of the 
angular velocities of roll and yaw— p and r. This is not strictly 
correct in every case, a side slip having a distinct influence on the 
drag, and a roll affecting both lift and drag, for example, but it is 
necessary to make the approximation in order that the equations 
oi motion may simplify as described above. Each of the five coeffi- 
cicnts in the biquadratic may then be written as a function of one 



1 Stability in Aviation, by G. H. Bryan. 
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or more of 11 quantities-the ■H*«£^ 
aboTibl ttSSJS^^^ *. 

34, C ^ £ Z » an<1 -presenting ^ It » 

found that X 9 and Z are so gy^^^^S^" 
ECS ^tT^^e wm n P ot be 

coefficients in the equation A\'+B\ + C\ +m ^ ' 
written in the following form: 

Kb (A u^w? — ^u^- «»> 

E= —g M W Z U 

COMPUTATIONS OF RESISTANCE DERIVATIVES. 

Thefirst step in <^^^S^J^^^^ 
airplane is to Winnie & V«d Jff« t^se gainst the angle of 
which the model was tested, ^ d J° ; K " ieS6 T V avoid the appear- 

by the application of the equations: 

J£==Z> cos 0-L sin 0 
Z =i cos d + D sin 6 

S bein f the angle of pitch *£S^&t3S 
• feSSK of incidence 

° f ? -SflftS ttSuTSulSTromnhl \tct that all the 
air ^orS o£a macmne vai/as u>. X therefore equab Or and Z 
equals flUT Differentiating the first of these, we have 

^ =2 G>=-;7-°, and Z m similarly, equals jf- 
To determine 

tSSSt, fcSS. SW^incW to the horizontal 
at & the angle: -tau"'^ B the angle of the airplane with respect 
to the earth remains unchanged, in accordance with our assumptions, 
the angle of incidence will be increased by tan 1 Since 
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BX BX 86 , & ftx fori— i TW »-* t/ o.Y 17 

to is always small in comparison with U, and wo may, therefore, 
write, without serious error, ^=£7 • may be obtained graphi- 
cally, being equal to 57.3 times the slope of the X -curve in units of 
force per degree. Z w and M W1 similarly, are given by the expressions 
57.3 AZ . 57.3 AM 
-U7 ' AO and Ul ' ~Ad" 

The only remaining resitance derivative is M q , the damping 
coefficient of pitching. This is secured by oscillating the model in 
a current of air, measuring the time required for the amplitude of 
the oscillations to be damped to a certain predetermined degree. 
The method has been fully described elsewhere, 1 and will not be gone 
into hero. 

The solution of the equation of motion for the oscillator reduces to: 
l°2e 'o s= 2~p where t is the time required to damp the angle of swing 

from 0 o to 6 and / is the moment of inertia of the entire oscillating 
mass, calculated by timing the periods of oscillation with the oscillator 
counterweights in two different positions, and eliminating the effect 
of the springs between the two equations thus secured. The maxi- 
mum amplitude of oscillation is about 3° each side of the equilibrium 
position. 

Bairstow has shown 2 that p, the damping coefficient, is a function 
of plw whore 1 is any linear dimension of the machine, this deduction 
being based on a strict proportionality between the air forces and 
the square of the speed. The above relation, in so far as it states 
that the damping coefficient varies as the first power of the speed, 
is in close accord with the results obtained by oscillating experi- 
ments at different speeds for the complete model of an airplane; but 
the damping coefficient for the apparatus alone varies with the speed 
in a highly irregular manner, being nearly constant at speeds of from 
20 to 35 miles per hour, beyond which points it changes rapidly. 
This behavior is in accordance with that indicated by previous tests 
with the same apparatus, as is shown by the positions of the observed 
points with respect to their curves, although it has always been 
assumed that the discrepancies from a straight line were caused by 
experimental errors, and such a line was drawn through an average 
of the points. In the present experiments, since n for the complete 
model is considered to be directly proportional to the speed, a mechan- 
ical method of fairing the curve and obtaining ML has been substi- 
tuted for the device of plotting all the points and drawing the line 
by eye, as has formerly been the custom. ^ was found for each * 
caso at seven different speeds, ranging from 12 to 30 miles an hour, 
and was divided by the speed of test, thus giving the damping coeffi- 
cient at 1 mile an hour. An average of the seven values obtained 
for the seven different speeds was tnen taken to be the true value 

» ilMK'rimrnt U Analysis of Inherent Longitudinal Stability for a Typical Biplane, by J. C. Hunsakcr- 
.,V :1 K porl of 1:0 National Advisory Committee for Aeronautics pp 41-45 
i 5j22Lv?E orl '*V;" t H jVtC ™ inat ! on of Rotary < oefficients, by Leonard Bairstow: licport of the British 
Advisory Committee for Aeronautics, 1012-13, p. 176. ^ 
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for 1 mile an hour, except where one or two of the values were so far 
from the rest as to be obviously wrong, in which case these aberrant 
values were omitted from consideration in making up the average. 
This method also has the advantage that the mean deviation 01 the 
individual values from the average gives an excellent quantitative 
measure of the accuracy of the run. This deviation was almost 
always found to be less than 4 per cent. Having found this unit 
damping coefficient, 3L is found by multiplying by the fourth power 
of the scale of the model and by the speed, dividing by the mass of 
the airplane and changing the sign, since Mq acts so as to resist 

pitching. SOL unON OF THE STABILITY EQUATION. 

Since the motion is oscillatory, the roots of the biquadratic sta- 
bility equation will be complex, and will occur in pairs. The substi- 
tution of any root in the expression y = e u gives the product ox an 
exponential, the exponent corresponding; to the real part of the 
root, and a trigonometric expression involving both sine and cosine, 
and therefore having the period 2 r , the magnitude of the angles (in 
radians) corresponding to the imaginary part of the root. In oraer 
that the motion may be a damped one, the real parts of all the roots 
must be negative, and the condition for this is, as demonstrated by 
Routh that all the coefficients in the equation: Ak 4 + B\ 3 C\ 2 + 
D\ + E=0, must be positive, and that the expression BCD-AD 2 - 
B 2 E f known as Eouth's discriminant, must also be positive. The 
magnitude of Routh's discriminant is frequently taken as a criterion 
of the degree of stability, but it is not entirely satisfactory for this 
purpose, as will be shown later. 

Bairstow has shown 2 that this equation can be so factored as to 
o-ive approximately correct roots, since the values of the coefficients 
So not vary widely in modern airplanes of standard type. The 
solution is as follows : 

(-§^)H*-^M)-° 

The first factor corresponds to a short and heavily damped oscil- 
lation, the second to one of much longer period. If there is any 
instability, it appears in the latter motion. It is evident that, if 

the second motion is to be stable, -q — must be positive, and CD 

must therefore be greater than BE. This is a somewhat simpler, 
although less absolutely correct, criterion than is the use of Routh's 
discriminant. ABE\ 
The above product multiplied by A is: A M + (B + -^y — ■ ^ 

.^O+^+^^^y^DX^-E^O. In order that this may be 
identical with the original equation, the conditions: CD = BE and 
AE+ BD must be satisfied. These conditions are incompatible 
unless AE=0, which is manifestly impossible in a statically stable 

x Advanced Rigid Dynamics, by E. J. Routh. ^ : . 

2 Invsotigation into tho Stability of an Aeroplane; Report of the British Advisory Committee for Aero- 
nautics, p. 160. 
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machine, as neither M w nor Z u can be zero in such an airplane. 
Bairstow's solution is therefore never perfectly correct, but it is close 
enough at all times to be of great value, which is all that has ever 
been claimed for it. 

It has already been stated that Routh's discriminant is not a 
satisfactory measure of stability. A better quantity for this puroosa 
can bo obtained in the following manner. 

The most satisfactory basis for a single expression denning the 

tz'fnUi ;°Arf A i ' 13 th ? P T en ^- S ° of diim P i "? during one complete 
oscillation. A large value for this expression Ts to be desired, as it 
involves heavy aampmg m combination with a long period, both of 
winch make for comfort and safety. The damping ?n one oscillation 
depends on the ratio of the period to the time required to damp the 
amplitude oO per cent, both of which quantities have been determined 
lor every case investigated. If we write our quadratic in the form 

X' + «\ + i = 0, the period equals jj*_ ai and the time to damp one- 
half equals V&il. Then f-yg-y where F is a constant, and, 

p(D_BE\ 

substituting their true values for I and a, ( ±J. anA 

* MjD BEY 
V 0 \0~~CFJ 
tins expression is a maximum when is a maximum 

(CU-BEy .„ 4 . t ° * 

O'E wm tncr efore serve as the desired measure of stability. 

iZ 0 J d J [ r^ ti0 ^ i s . nec f ssar y t0 , the effect that this does not furnish a 

means of distinguishing degrees of instability, and that, of two machines I ~ 

pvmg negative values the one for which the value'is algebSly S 
largest (nearest to zero), may be the more unstable of the two Only 
positive values, therefore should be taken into account. To mint 

mize the effect of instability it is desirable that the product of the 15 
Emum ' time t0 d ° uble * am P lifcu <^ not thlir ratio, be a 

DYNAMICAL STABILITY OP THE CURTISS JN2. 

The resistance derivatives were computed and the stability dis- 
cussed for each of the 11 different combinations of body S tail 19 
which were made up The machine was also placed on the oscillator E 
Z SSSjS 0 i der t0 t termine th0 amouilt of clampLg, T the 

Pioportion of M q , due to the wings, body, and chassis. It would 20 
however, have been useless to make complete stability calculations 
in tins .condition, as it is obvious that a machine ^ich?s unsS 

in a statical sense can not possess dynamical stability. The caS ?i 
culations have aU been made, as in the case of the sta led work Sd 
the reduction of the center of gravity, for an angle of incidence of 

nf t ffi, t 7 ■ J - °- Hun sakor 1 have shown that the decree 
of stability of any given machine falls off rapidly as th e speeded 

291G5°— S. Doc. 123, 05-2 21 
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creases, and that all typical machines investigated became unstable 
in respect of the long oscillation at some speed greater than the mini- 




Fig. 31. 



mum attainable in flight. An intermediate angle, corresponding to 
a good climbing speed, was therefore chosen for the present experi- 
ments. 

Case I. Medium body, small tail at — 3£. 
Case II. Medium body, small tail at —5°. 
Case III. Medium body, small tail at —7°. 
Case IV. Medium body, medium tail at —2°. 
Case V. Medium body, medium tail at — 3J°. 
Case VI. Medium body, medium tail at —5°. 
Case VII. Medium body, large tail at —1°. 
Case VIII. Medium body, large tail at -2°. 
Case IX. Medium body, large tail at — 3£°. 
Case X. Short body, large tail at -3J°. 
Case XI. Long body, small tail at — 3£°. 
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The curves of X and Z are plotted in figures 31 to 34. 



Table I. — Tabulation of resistance derivatives. 



Case. 


u. 


Xu. 


Zu. 


Xu:. 


Zur. 




Jf ff . 


I 


-90.8 


-0. 108 


-0. 709 


+0. 21S 


-2. 76 


+2.31 


-130 


II 


-92.3 


- .109 


- .COS 


4- .229 


-2.S8 


4-2. 92 


-133 


nr 


-94.5 


- .114 


- . 681 


+ .239 


—2. 94 


4-3. S5 


-138 




-00. Q 


— .105 


- . 70S 


4- .212 


—2. S3 


4-1.97 


-135 


v 


-91.7 


- .109 


- .702 


4- .234 


—2. SO 


4-3. 30 


-143 


vr 


-92.3 


- .111 


- .C9S 


4- .227 


-2.79 


4-3. 95 


-151 


vi r 


-91.5 


— .106 


- .703 


4- .216 


—2. >2 


4-2. 63 


-160 


VIII 


-93. 1 


- .105 


- .692 


4- .212 


-2. S3 


4-2. 72 


-167 


TX 


-91. 0 


- .110 


- .655 


4- .230 


-2.93 


4-4." 22 


—175 


x 

XI 


-93. 9 


- .110 


- .6S6 


4- .226 


-2. 99 


4-3. 36 


-136 


-02.0 


- .107 


- .700 


4- .226 


-2. 86 


4-2. 7S 


-156 





















1 


1 






lO . 
























































CO 




i 
























53 
























St 


r 


50 












X>v 
















^5 


















/ 


















U 








4 


3? 


















30 


















V 






































eo 








/ 




















Iff 
























\ 




IC 




























5 


























\ 












Am 




?: 


r f 


i" 




-o 


— Ib 










r 




<■ 

3° 




0* 




r><> 


< 









Fig. 32. 
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All the values above were obtained by direct ^atton from the 
observed forces, moments, and damping tunes, with g^J^Wj 
those for 3f„. These are faired values, a few of thobe oiiguiaJlv 
secured "e&slighfly inconsistent with the rest. In no case did tins 
fairing alter the value by more than 3* per cent. 
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DISCUSSION OE THE RESISTANCE DERIVATIVES. 

X varies onlv slightly. It increases with the angle between the 
wutgs SS% and increases very slightly with size of tad. It 13 
Seater for the short body than for the long. The largest and smallest 
values among the 11 are separated by less than 5 per cent 

Z u is inversely proportional to U, and calls for no special comment. 
The maximum variation here is less than 4 per cent. 

X Z and M m are determined much less accurately tnan. Ji. u 
and Z, as they depend on the slope of the curve, not on the value of 
its ordinate. X varies in a highly irregular manner thr ugh a range 
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of about 12 per cent. Errors in the determination of this quantity 
may account for a large part of the varia tion. 

Z, 0 also varies irregularly, but not so badly, showing a general 
tendency to increase with the absolute value of the tail angle 

The behavior of the moment curves and the variation of their slopes 
hayc already been discussed. M w increases rapi.Uy with increasing 
tad angle and with increasing size of tad. The only serious discrep- 




ancy here is m the values for the large tail, where the change in the 
dope Of the moment curve due to a change in tad angle from -l° 
from - 2* to -3 Jo^We, compared with that arising from a change 

J^T\? t& *^ ° f - h6 derivatives - however, is the damping 
coelncient, 21 The damping action on the tad is generally assumed 
to arise from the fact that when the airplane is in pitch the tail has 
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angle of incidence due to the pitch. If the truth of this hypothesis 
be admitted, the damping moments should vary as the square of the 
distance from the tail to the center of gravity, and should also be 
proportional to the area of the tail. In geometrically similar ma- 
chines, therefore, the damping coefficient should vary as the fourth 

f ower of a linear dimension, a fact which has already been remarked, 
n varying the length of the body and the size of the tail simultane- 
ously in accordance with the convention which we adopted, the damp- 
ing coefficient should be directly proportional to the length of the 
body, and it will be seen that this represents the actual condition 
within the limits of experimental error it allowance is made for the fact 
that the damping docs not all arise from the tail. A quantitative 
discussion of this point (the distribution of damping between the 
elements of the machine) will be entered on at another place. When 
the tail area alone is changed the damping increases with area 7> in- 
deed, but the increase in damping, especially when the large tail is 
substituted for the medium one, appears to be considerably more 
rapid than that in area. The changing of body length alone also 
causes a variation in damping moment more rapid than would be indi- 
cated by a strict adherence to proportionality to the square of the 
length. 

The most striking feature of the damping coefficients, however, 
is their variation with angle of tail settmg. In every case, even 
before any fairing was attempted, the value of Mq increased with the 
angle between the tail and the wings, a result which is in direct con- 
travention of the damping hypothesis which we have already de- 
scribed. It has never been conclusively demonstrated, however, 
that the force on a plate at a fixed angle of incidence is the same as 
the instantaneous force when the angle of incidence is constantly vary- 
ing/and it maybe that there is an inherent damping force arising 
directly from a change in the type of field of flow. Such a force 
would undoubtedly varv with the magnitude of the direct force on 
the tail, and would therefore give the observed result. 

COMPUTATION OF Kb 2 . 

The radius of gyration under each case was computed on the fol- 
lowing assumptions: 

(1) Changes in tail angle have no effect. 

(2) The weight of the tail is proportional to the area. 

(3) The weight of the body is proportional to its length (for small 
variations). 

(4) The radius of gyration of the part of the body behind the center 
of gravity is nroportional to its length. 

(5) The difference between the moments of inertia of the various 
tails about their own respective centers of gravity is negligible. 

The radius of gyration for the JN2 in its standard arrangement has 
been very carefully calculated, and the computation has been checked 
by swinging the complete machine, 3 the result being very nearly 
5.S feet. 

A tabulation of the other cases, as calculated from the standard 
radius of gyration and the assumptions above, follows: 

i Dvnaniical Stability of Aeroplanes, bv J. C. Hunsaker. 

J Eiretoxercesurunailftpar;:.i\v:u r.;;>Memont, by Com. Lapay: La Technique Moderne, May 1,1914. 
* Experimental Analysis of Inherent Longitudinal Stability for a Typical Biplane, by J. C. Hunsaker; 
• First Annual Report of the National Advisory Committeo for Aeronautics, p. 40. 
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^fMi;2m body. small tail „ 






5. 77 


Medium body, medium tail 


33.3 
34.0 




34.8 


5. S3 






5.90 


Long body, small tall 


32.3 


5. GO 
6.02 




36.3 



FORMATION AND SOLUTION OF STABILITY EQUATIONS. 

Each case has been treated separately, the coefficients of the 
biquadratic being computed from the resistance derivatives and other 
quantities previously given, and the period (y), time required to damp 
to 50 per cent of the original amplitude (2), and percentage of damp- 
ing in one complete oscillation (d), being computed for both the long 
and the short oscillations in accordance with Jiairstow's approximate 
solution, already described. 

Case I. Medium body, small tail at -3£°: 

^4 = 33 
5 = 226 
<7=59S 
D = 82 
£=53 

BCD -AD 2 - &E= 82 X 10 5 
Short oscillation: X 2 4-6. 7S X 4-17.96 = 0 

— 3.30± tm^M —3.39*2.56* 

p = 2.46 sees. 2 = 0.205 sec. d = 99.98 per cent. 

It is evident that the period of this oscillation is so short and the 
damning is so heavy and so complete that its existence would be 
hardly perceptible to the aviator. 

Long oscillation: X 2 4-0.103X4- 0.0885 = 0 
Whence 

X= -0.0515±0.293i 

p-21.4 sees. 2 = 13.5 sees. cZ = 66.6 percent. 

The stability here, while much less than for the short oscillation, 
is still amply sufficient for safety and comfort. 
Case II. Medium body, small tail at -5°: 

.4 = 33 
5 = 233 
<7=6S4 
Z> = 92 
#=66 

BCD-AD 2 -B 2 E=l07xiO s 
Short oscillation: p»2.18 sees. 2 = 0.199 sees. d = 99.75 
per cent. 

Long oscillation: j>- 20.4 sees. 2 = 13.6 sees. <Z = 64.7 
per cent. 
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Case III. Medium body, small tail at— 7°: 

4- 33 
£ = 240 
C=802 
23 = 110 
S4 

BCD-AD 2 -B 2 E= 160 X 10 5 . 
Short oscillation: p = l.S9 sees. 2= 0.193 sees. 5 = 99.S9 
percent. 

Long oscillation: p = 19.65 sees. i— 13.1 sees. 5 = 64.7 
per cent. 

Case IV. Medium body, medium tail at — 2°: 
A = 34 
£ = 235 
(7=591 
Z?- 72 
£= 45 
BCD -AD 2 - B 2 E= 70 X 10 5 . 
Short oscillation: p = 2.7 sees. 2 = 0.201 sees. 5 = 99.9 
per cent. 

Long oscillation: 23.1 sees. 2=15.1 sees. 5 = 65.3 
per cent. 

Case V. Medium body, medium tail at — 3£°: 

A= 34 
B = 242 
(7=735 
17 = 100 
E~ 74 

£CL> - ^1Z7 2 - B 2 E= 131 X 10 5 . 
Short oscillation: p = 2.10 sees. 2 = 0.195 sees. 5 = 99.9 
per cent. 

Long oscillation: p = 20.1 sees. 2 = 13.5 sees. 5 = 64.4 
per cent. v 
Case VI: Medium body, medium tail at —5°: 

A~ 34 
£ = 250 
£7=S19 
17 = 112 
E= S9 

BCD -AD 2 - B 2 E= 169 X 10 5 . 
Short oscillation: p = 1.93 sees. 2 = 0.1S9 sees. 5 = 99.92 
per cent. 

Long oscillation: p = l9.3 sees. 2 = 13.4 sees. 5 = 63.1 

f er cent. 
I. Medium body, large tail at — 1°: 
A= 35 
5 = 262 
C=725 
27= 97 
E= 59 

BCD - AD 2 - B 2 E= 141 X 10 3 . 
Short oscillation: p = 2.43 sees. 2 = 0. 1S5 sees. 5 = 99.99 
per cent 

Long oscillation: p = 22.1 sees. 2=13.25 sees. 5 = 6S.5 
per cent 
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Case VIII: Medium body, large tail at -2° 
-4-35 
5 = 270 
C= 75S 
5 = 101 
E- 60.5 

per 2$ V = 2A2 secs - ' = °- 179 sees. £=99.99 

L 3Sc°e S S? kti ° n: ? = 22 - ? SCCS - i=13 - 25 sccs - ^=69.5 
Case IX. Medium body, We tail at -3*°- 
A- 35 
5-281 
C=946 
23-128 
5= 93 

pe'r^e'nt ' P= ^ sccs ' *~ 0.173 secs. <Z = 99.95 

L 5I-c 0 en1 llati0n:2 ' = 20 - 3 ^ <=13 ' 1 secs - *-«-8 
Case X. Short body, large tail at -3A°- 
A= 32 
5 = 236 
tf=752 
5 = 101 
5= 74 

or 5CZ>-^_ M =135X10 5 
^cent atl0n: P= 1 -" SeCS - * = °- 191 ^cs. J=99.93 

L yrc°ein! lati0n: ^ = 2 °- 3 ^ /=13 - 5 sccs - ^=64-8 
Case XI. Long body, small tail at -3*°- 
2- 3*6 - " 

5 = 264 
C=737 
5= 99 
5= 63 

5GT;-yl/>-.ZJ2£ =144xl05 
p22$ P= 2 ' 36SeCS - <= ° J91 secs - 

L °p n eTc°en; ilati0n:P = 2LS SCCS - ' = 13 - 5 sccs " < Z = 67.3 
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these 11 cases, where everything changes at once, it is only possible 
to draw the most general conclusions. In increasing the angle ot 
tail setting, passing W Case I to III, IV to VI, and VII .to IX, there 
is manifested a general tendency to shorten the period of the long 
oscillation and decrease the time required to damp one-half. Ihe 
percentage of damping in one oscillation decreases somewhat, so 
that the net effect of such changes may be considered to be unfavor- 
able. An increase in tail angle brings about a considerable increase m 
M the static righting moment, and a slight increase m M q} the 
damping moment. It is evident at once that the first of these changes 
will decrease the period and that the second will decrease the time 
required for damping. 

The effect of tail area was less than might have been anticipated. 
There was a general tendency to decrease both period and damping 
time with a larger tail, the angle bein^ kept constant. 

A comparison of Cases V, X, and XI shows that the period increases 
as the length of the body is increased, the tail area being correspond- 
ingly decreased. The damping time, on the other hand, is abso- 
lutely identical for all three cases. When the body length m increased 
without changing the tail area there is, again, surprisingly little 
change. Such as there is is a general improvement, through a length- 
ening of period, a decrease of damping time, or both. 

In short, it appears that considerable modifications can be made 
in the size, placing, and arrangement of the tail surfaces without 
serious adverse effect on dynamical longitudinal stability at moderate 
and high speeds, and that these details may be chosen primarily 
from the standpoints of weight, aerodynamic efficiency, maneuver- 
ability, and the possession of a sufficient degree of static stability 
to insure a moderately rapid recovery from a nose-dive or other 
abnormal attitude. The needs of lateral stability, too, must be kept 
in mind when changing the length of body. 

PHYSICAL CONCEPTIONS OF THE RESISTANCE DERIVATIVES. 

By appropriate alterations in design, almost all the derivatives 
can be slightly varied one at a time and without substantial change 
in the others. To determine what these alterations should be, the 
most straightforward method is to assume variations in each of the 
derivatives singly, and to calculate the effects of such deviations on 
the long oscillation . At the same time, it is of the highest importance 
to have a physical conception of the nature of the derivatives, as a 
check on the conclusions derived from a purely mathematical treat- 
ment. The basis for such physical conceptions has been expounded 
with particular clearness by Dr. J. C. Himsaker. 1 

(a) 2I W , the statical moment derivative, represents the change in 
pitching moment with vertical velocity. If the airplane rises, the 
relative wind has a downward component, and the angle of incidence 
is diminished. If M w is positive, it will tend to head the airplane 
up. Conversely, if the airplane drops the relative wind has an 
upward slope, the angle of incidence is decreased, and since w is now 
negative, M w will tend to head the machine down. The effect of a 
positive M w is therefore to maintain the airplane always at the same 
angle to the wind. If M w is very large, it tends to produce violent 
oscillations with a short period, the condition being analogous to 

i Dynamical Stability of Aeroplanes, by J. C. Hunsaker. 
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that of a ship with excessive metacentric height, or ; to choose a more 
homely illustration, to that of a weight vibrating at the end of a 
1 y strong spring. If M w were very small, the motion would be 
gentle, with a long period, but, on the other hand, the recoverv 
after a disturbance would bo insufficiently prompt. 

In the calculations submitted M w varies through a wide range as 
was pointed out in connection with tho statical section. Table I 
shows that We changes can be made in M w by changing the angle 
ot the tail, and that such changes have no commensurate effect on 
the other derivatives. 

Taking the standard case (medium body, medium tail at -3£°) as 
a basis and carrying through the customary computations for various 
values of M Wi all the other derivatives and the speed beinp- assumed 
unchanged, we have the following results: 



Change 
in M u . 


If 10. 


Period. 


Timo to 
damp 
ono-half. 


Damping 
in ono 
oscilla- 
tion. 


Per cent. 
0 (Std.) 

+20 

-20 

+50 

-50 

—SO 


3.30 
3.96 
2.64 
4. 95 
1.65 
0.66 


20.1 

19.0 

21.5 

17.85 

25.6 

39.0 


13.5 
13. 8 
13.1 
14.5 
12.0 
10.3 


Per cent. 

61.4 
61.5 
67.8 
57.4 
77.2 
92.7 



It is evident that the effect of increasing M w is wholly unfavorable 
the period being shortened and the damping decreased. The third 
and tit.ii of the above combinations appear most satisfactory, the 
period being long and the damping considerable, and still without 
sacrificing a dangerously large amount of static righting moment 

M w be sufficiently decreased the solution of Bairstow's second 
lactor becomes a real number, and the motion ceases to be oscilla- 
tory, becoming a dead-beat subsidence. In the case under discus- 
sion, M „ would have to be decreased to 0.11 to arrive at this condi- 
tion, and so small a value would not be safe from other standpoints 
A reduction of M w to approximately 2.00 withon much effect on 
any other derivative could be secured by the use of a tail half way 
between the medium and largo ones hi size, and set parallel to the 
wing chord This is in accordance with our provisional recommen- 
dation, made m the first part of the report, that larger tails set at 
smaller angles should bo used. 

(b) M ri represents the rate of change of pitching moment due to 
angular velocity of pitch, or the coefficient of inherent damping of 
pitch, lhe cfiect of this quantity on longitudinal stability has 
apparently been very much overestimated. Varying M„ alone as we 
have just done for M w , we have: q 



Chanco 

of Mq. 


Vq. 


v. 


t. 


d. 


Per cent. 
0 

+ 10 

- 10 
+ 50 

- 50 
-100 


-143 
-157 
-129 
-214 
- 72 
0 


20.1 
20.7 
19. 45 
22. So 
16.85 
13.05 


13.5 

13.0 

H.05 

12.1 

16.95 

44.0 


64.4 
66.8 
61.6 
73.0 
49. S 
IS. 6 
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Increases in the damping coefficient have exactly the opposite effect 
to similar changes in M m decreasing the damping time and lengthen- 
in^ the period. Considerable alterations can, however, be made with- 
out seriously altering the nature of the motion Even when the 
damping coefficient is reduced to half its normal value*, a change 
which would hardly be brought about by any modification short oi 
the complete removal of the tail, the motion is still not uncomfortably 
violent, although the stability is much decreased, and tne critical 
speed for instability would be considerably higher than that lor the 
standard machine. When M q is still further reduced to zero the 
machine is still stable, although now only slightly so Since damping 
depends more on size of tail than on angle, 21 q can be increased with- 
out changing M w by increasing the size of the tail, and^what is even 
more important, the length of the body, while decreasing the angle 
of the tail to the wings. A broad, flat-bottomed body also contributes 

t0 (cf^frepresents the change in X with changing forward velocity. 
It is evident from a physical standpoint that this should be negative 
and as large as possible, so that any tendency to change speed will be 
immediately counteracted. X u depends solely on the drag at 0 of 

pitch, and a high 75 ratio is therefore unf avorable to stability. Making 

a quantitative study, we find that an increase of 10 per cent in X u 
has no effect on the period, and decreases the dampmg time from 
13.5 seconds to 12.4. A decrease of 50 per cent, corresponding to 

doubling the p ratio, still leaves the period virtually unaffected, but 

increases the dampmg time to a trifle tender 20 seconds, so that the 
dampmg in one oscillation is lowered from 64 per cent to barely 50. 
Among the five coefficients of the biquadratic, X u enters into By C, 
and D, but its effect on B is too small to be perceptible, and it influ- 
ences the value of D much more than that of C. . 

(d) X w should be large and positive for stability, as is evident 
from physical considerations. When the machine, in the course of 
its oscillation, starts to rise, it is desirable that a force be set up which 
will oppose the forward motion, thus decreasing the speed and checK- 
ing the rise. The result of changing this derivative has been ex- 
amined in the same manner as for the others already treated. 

X W +\Q% X*- + .257 p = 20.1 sees. £-13.1 sees. 

a = 65.5 

A^-100% X w -0 p-19.8 sees. $-19.3 sees 

a = 50.9 

Here, too, as in the case of X u , the effect is shown mainly by a 
lengthening of the damping time when the derivative decreases. 
The change is relatively small, but may be of some importance when 
the degree of change is very large, as it is apt to be.^ When the angle 
of incidence decreases and the speed decreases X w drops off with 
great rapidity, actually becoming negative as the critical speed is 
approached, and it is to the rapid change of this derivative that at 
least a part of the instability at large angles of incidence may be 
ascribed. , , . 

The means of controlling the behavior of A, may best be shown 
by a brief mathematical investigation. We have already shown that 
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6 Y 

X w is equal to the product of ~ by a negative constant, and that 
X~D cos Q-L sin 0. Differentiating, we have: £ = — cos 0-Z> 

00 00 

sin 9-X cos 0-~ sin 0. Since 0 is 0, ^-sg-Z. At small 
angles of incidence, the drag curve is nearly horizontal, and — is 

00 

consequently negative. As the angle increases, the slope of the 
drag curve runs up faster than the absolute value of the lift, especially 

* XT 

us the burble point is neared, and the value of ~ } and consequently 

X W) approaches zero and finally changes sign. To minimize the 
decrease of X w at low speeds, the slope of the drift curve should be 
small and the lift should be large in proportion. In Fig. 35 is shown a 
diagtamatic representation of two extreme types of drag curves 
of which the one marked A will obviously correspond to much the 
higher value of X w at low speeds. Other features of design which 
are favorable to a maintenance of stability from this standpoint 
are: A wing section having the burble point at a small an^le, the use 
of a variable an^le of incidence, the setting of the wings at a large 
angle to the top longeron of the body. to 




(c) In the case of Z W1 also, it is apparent that a large value is 
desirable, but m this case it should be negative, since the force Z 
acts in direct line with the velocity w, and any change in the nia^ni- 
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tudo of Z must be in the opposite direction to w (i. e., must be nega- 
tive in sign) in order to damp the motion. 

+ Z w = -3.08 p = 20.6 sees. I -IB. 5 sees. 

5 = 65.3 

Z w -100% Z w = 0 y-13.2 sees. <-19.8 sees. 

5 = 37.0 

It will be noticed that an increase in Z w lengthens the period and 
decreases the damping time, thus markedly improving the stability. 
Z m like X m drops off rapidly as the angle of incidence is increased, 
and this is another of the elements contributing to instability at 
low speeds. Examining Z w in the same manner previously employed, 

we see that it is proportional to Jq + A tlle first term bein S b y far 
the more important. Z w will then maintain its original high value 
best for machines in which the burble point is "sharp," the lift 
curve running up on a constant slope to within a fraction of a degree 
of the critical angle and then breaking suddenly. This behavior is 
characteristic of thick wing sections, such as are used for propeller 
blade elements. A sharp burble point, however, has certain disad- 
vantages, such machines being subject to^ stalling and exceedingly 
sensitive at angles of incidence near the critical angle. 

We have now examined, one by one, the effect of each of the 
resistance derivatives, with the exception of Z u . It is quite useless 
to treat this one, as it is a function of the speed alone and nothing 
can be done to modify its value. The next step, therefore, is to 
investigate the influence of the radius of gyration on stability. 

R2 + io% Z B 2 = 37 p = 20.1 sees. i = 13.6 sees. 
K B 2 -50% #b 2 = 17 f> = 20.0 sees. t = 12.5 sees. 

<Z = 67.0 

The effect is surprisingly small, especially in respect of period ^of 
oscillation, which might be expected to vary largely with K n 2 . 
We can say without hesitation that no variation of tho radius of 
gyration which will arise in practice will have a perceptible effect on 
the stability of a machine, and that the only importance of this 
quantity appears in connection with maneuverability and quickness 
of response to controls. 

The only important quantity remaining to be investigated is the 
speed. For treating this we have adopted the assumption that the 
weight of the machine, and consequently the loading, is changed 
without changing the aerodynamic properties in any way and that 
the radius of gyration also remains unaltered, the effect being the 
same as if the weight of every part of the machine were to be scaled 
down in the same proportion. The mass of the machine will then 
be proportional to the square of the speed the flight attitude being 
the same in each case. 

Each of the six derivatives, under these conditions, varies inversely 
as TJ. Thus, for example: 

The five coefficients in the stability equation then vary as follows: 
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A docs not vary 

D varies in an irregular manner, one term depending on 1 and 

1 U 
two terms on jj 3 

Proceeding to examine the effect of alterations, we have: 

U+10% £7= -100.9 p = 20.1 sees. £-14.5 sees. 

^ = 61.8 

£7+41.4% (loading doubled) U= - 129. 8 
p= 19.95 sees. t= 17.15 sees. d= 55.3 
17 - 29.3% ( loading halved) ^ — — 64.9 

p = 20.3secs. £ = 10.1 sees. d= 75.2 

It is evident that, for a given flight, attitude, stability is improved 
by light loading and low speed, 1 and that this improvement ap- 
pears mainly in the form of increased damping, the period being 
but little affected. This can bo very simply explained on purely 
physical grounds. The lower the speed of the airplane the greater, 
relatively, is the restoring effect of any derivative dependent on 
V), v, or q. 

The period of the long oscillation is approximately given by 2 
IT) 

the expression: p = 27r-^-g, and since both 0 and E are proportional 

to -wit would not be expected that the period would change ma- 
terially. We have seen that this is indeed the case. The criterion 
of damping, on the other hand, is: ~q"-^t an d since Bcc-jj f Ooc-^- 2 

II. 7 
Eoc-jn, and Dcc-jj- 2 (approximately), this expression will decrease in 

value with increase in £7. It is evident that pursuit machines, due 
to their high speed, will be peculiarly liable to instability, and special 
attention should bo paid to their probable behavior in this respect 
when laying out the design of such airplanes. 

ELEMENTS CONTRIBUTING TO DAMPING. 

In order to make an analysis of this topic the model was tested on 
the oscillator with the tail removed, using both the medium and 
short bodies. The damping coefficient for the wings and short body 
was found to be 0.000067, and that for the wings and medium body 
0.000070, as against a value of 0.0003S5 for the complete machine 
with medium body and medium tail at — 3J°. The tail thus fur- 
nishes S2 per cent of the damping for the standard arrangement, and 
81 per cent of that for the combination of short body and large 
tail. It is quite possible that the use of certain types of wings having 



* Sco also id., p. 44. 



2 Id., p. 42. 
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a stable center of pressure motion would greatly increase the damping 
due to the wings. 

The damping due to the tail was calculated for the airplane itself 
at a speed corresponding to an angle of incidence of 2 , and was 
found to be 117 units for the medium tail in combination with the 
medium body, and 111 for the large tail in combination with the 
short body. An independent computation of damping due to the 
tail, based on the customary assumption that the tail acts as a flat 
plate at an angle of incideace derived from its resultant path, has also 
been made. The effective aspect ratio of the tail was assumed to be 
3, as indicated by title tests of the tail alone described in the first part 
of the report, and duo allowance was made for the portion of the tail 
in contact with the body. 

The values obtained by such computations were 79 and 72, re- 
spectively. These, a re very nearly two-thirds of the values found by 
experiment, and the remaining third of the damping must be derived 
from some other source. The discrepancy is, in fact, considerably 
more than a third, as we have already found that, due to decreased 
air-speed and the extreme complexity of How behind the wings, the 
forces on a tail are much smaller than those obtained by computation 
from the flat-plate formula. The additional moment may well be 
accounted for by the hypothesis, mentioned above, of a dissipation 
of energy in modifying the field of flow about a plate at a constantly 
changing angle of Incidence. The damping computed from the size 
and distance of the tail can be used as a Dasis for a stability estimate, 
proceeding on the assumption that the computed value forms 55 
per cent of the whole 21 q . 

AN INVESTIGATION OF LOW-SPEED CONDITIONS. 

Since, as has already been noted, typical machines become un- 
stable at low speeds, an investigation of these conditions has been 
added. The angle of incidence chosen for this study was 12°, at 
which the investigation of Dr. J. C. Iiunsaker showed the Curtiss 
JN-2 to bo slightly unstable. As there was not sufficient time to 
carry out experiments on the oscillator at this angle, M q was assumed 
to be directly proportional to the speed of the machine, an assump- 
tion which I)r. Hunsakcr's experiments indicate to represent the 
facts fairly closely, but to be rather less favorable to stability than 
the true conditions, as M q actually diminishes somewhat less rapidly 
than does the sj^eed. 

The resistance derivatives have been computed as before and are 
tabulated below, followed by the coefficients of the stability equation 
and the period and time to damp 50 per cent for the long oscillator, 
the motion being stable hi every case. 



Case. 


V 

{M.P.H.) 


V 




X u 




X w 






Mq 


XuZxo 




I 


42.0 


-61.7 


33.3 


-0.154 


-l.Ol 


+0.138 


-1.025 


+1.01 


S8 


0.15S 


-0.144 


n 


42.3 


-62.0 


33.3 


- .153 


-1.04 


+ .112 


-1.06 


2.50 


90 


.162 


.116 


in 


42.7 


-62.6 


33.3 


- .150 


-1.03 


+ -102 


-1.09 


3.41 


92 


.163 


.105 


IV 


41.8 


-C1.4 


34.0 


— .154 


-1.05 


+ .126 


-1.08 


1.94 


91 


.166 


.132 


V 


42.2 


-61.9 


34.0 


- .153 


-1.04 


+ .116 


-1.07 


2.44 


96 


.164 


.121 


VI 


42.2 


-61.9 


34.0 


- .153 


-l.Ol 


+ .09S 


-1.05 


2.82 


101 


.161 


.102 


VII 


42.3 


-62.0 


34.8 


- .154 


— 1.04 


+ .079 


—1.10 


2.55 


108 


.169 


.0S2 


VIII 


42.4 


-62.2 


34.8 


- .152 


-1.03 


+ .0S9 


-1.18 


2.71 


111 


.179 


.092 


IX 


42.6 


-62.5 


34.8 


- .152 


-1.03 


+ .069 


-1.21 


3.19 


116 


.184 


.071 


X 


42.1 


— 61. S 


32.3 


- .153 


-1.04 


+ .106 


-1.12 


2.10 


90 


.171 


.110 


XI 


42.1 


—61.8 


36.3 


- .151 


-l.Ol 


+ .124 


-1.07 


2.60 


105 


.162 


.129 
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Case 



I 

II 
III 
IV 

V 
VI 
VII 

vi i r 

IX 
X 
XI 



127 
130 
133 
133 
13S 
1-12 
152 
157 
163 
131 
140 



234 
273 
337 
241 
27S 
305 
302 
316 
366 
2.53 
300 



45 
49 
57 
45 
50 
54 
51 
56 
60 
45 
55 



65 
S3 
113 
65 
SI 
94 
S5 
90 
105 
70 
S7 



11.95 

11.35 

10.9 

12.05 

11.6 

11.3 

11.85 

11. S 

11.7 

11.9 

11.7 



33.0 
41.0 
39.0 
3S.0 
40.0 
41.0 
4S.0 
40.0 
39.0 
40.0 
36.0 



22.0 
17.5 
1S.0 
16.0 
LS.O 
17.0 
14.5 
IS. 5 
19.0 
19.0 
19.0 



The results at low speed are less accurate than at high, and the 
values of A w , which depends on the difference of two nearlv equal 
quantities, can not be defended on within 15 or 20 per cent. 

The fact that the machine was found to be stable (although only 
slightly so), whereas Dr. Hunsaker found the same machine under 
the same conditions to be slightly unstable, is accounted for by the 
larger values of X w and Z w obtained in the present experiments 
and these, in turn, were probably due to slight differences in win<>3 of 
the model employed. A comparison of the characteristic curves of 
figure 6 with Dr. Hunsaker's curves will show that the former approxi- 
mates much more nearly than the latter to the form (A), in fi4re 35 
which was stated to be conducive to stability, and that the lift curve 
m the present report has the "sharper" burble point. 

The difference between the cases is slight, and there is nothing 
to invalidate the conclusions and recommendations drawn from the 
high-speed and statical analyses. The stability with the lar^e tail 
is somewhat poorer than with the other two, due to a lower value of 
A w , which counterbalances the larger M q . This slight disadvantage 
can readily bo overcome, however, by a modification of the form %i 
wings and body.. 

An increase in tail angle shortens the period, exactly as at hicrh 
speeds. Changes m the length of body, within the limits adopted 
have no harmiul effects. r i 

There seems no reason to doubt the possibility of developing 
without radical changes from the present designs, an airplane which' 
will possess a satisfactory degree of longitudmal dynamic stability 
at all speeds within the range of possibility, and to do this without 
sacrificing, to a serious extent, aerodynamic efficiency or anv other 
desirable quality. * J 

20105°— S. Doc. 123, 05-2 22 
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SUMMARIES. 

By Alexander Kleion, and Edward P. Warner, and George M. Denkjnger. 
SUMMARY OP RESULTS OF STATICAL INVESTIGATION. 

1. The Eiffel 36 wing, with raked tips and aspect ratio 7.2, gave a 
maximum L/D of 21 and a maximum K v of 0.00315. 

2. The aerodynamic forces on the body are not perceptibly changed 
by considerable changes in the length and abruptness of the run or 
portion of the body in back of the largest cross section. 

3. At the angle of minimum resistance, the drag of body and chassis 
together is slightly less than double that duo to the body alone. 

4. Ine mean biplane lift correction recommended for findina 
minimum flight-speed is 0.95. At small angles and high speed! 
correction factors of from 0.S2 to 0.S6 were found 

5. The hft contributed by body chassis, and tail at large angles is 
negligible. At angles below 10° these elements exert a cSnsiderable 
negative lilt. 

6. The coefficient of parasite resistance varies less than 20 per cent 
between 0 and 9°. _ Its minimum value for the Curtiss JN-2, including 
mtcrplano bracing, is 0.02 pounds per mile per hour. 

7. I no drag contributed by body and chassis, in the presence of 
the wings, is roughly three-fifths of that indicated by a test of these 
elements alone. 

8. The gain in efficiency from a decrease of the angle between tail 
and wings is exceedingly small, a change of 2*° in the tail an<de 
increasing the maximum speed by only 1 mile per hour, and decreas- 
ing the landing speed by one-half mile per hour. 

9. Ordinary changes in tad area do not affect the landing speed 
perceptibly. The high speed is somewhat improved by increasing 
tail area. to 

10. Shortening the, body of the JN-2 reduces the landing speed 
without affecting the nigh speed. 1 

11. The drag due to the tail is very small except at largo angles 
and actually drops to a negative value under some conditions ' 

12. lnc i angle of tad setting can be much decreased without serious 
loss ol statical stabdity. 

f J*' center of gravity of the airplane is placed, for equilibrium, 
Horn 4 to 18 inches forward of tho moan center of pressure of the 
wings. Ihis distance is greatest when the angle of equilibrium is 
small and the angle of tail setting is large 

339 
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SUMMARY OF RESULTS FOR DYNAMIC STABILITY. 

1. M„, the damping coefficient in pitch, increases very; rapidly 
with the size of the tail and with the length of the body. It increases 
slightly with the angle of tail setting. , 

2. An increase hi tail angle decreases the period of osculation and 
the damping in one period. 

3. Increased tail area shortens the period and increases the 
damping. f < 

4. Increasing the length of body increases the stability slightly. 

5. To secure a maximum of dynamical stability at high speed, all 
the resistance derivatives except M w should be largo in absolute 
value. M w should be as small as is consistent with a sufficient 
degree of statical righting moment. 

6. To secure these conditions, it is recommended that the angle 
between tail and wings be much decreased. A considerable shorten- 
ing of the body is permissible if accompanied by an increase in the 
tail area which will keep the moment of area about the center of 
gravity of the machine constant. 

7. Eighty-two per cent of the damping moment is contributed by 
the tail. The damping moment computed for the tail in accordance 
with the usual theory is about two-thirds of that found by exp - 
ment. It is recommended, for prehminary estimates, that the damp- 
ing due to the tail be computed and assumed to be 55 per cent of the 
correct value for the whole machine. 



